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Abstract

A consistent set of thermodynamic constants for aqueous species and
compounds of Am(III) with hydroxyl and carbonate ligands has been developed.
The procedure used to develop these constants involved establishing ~ value
for one formation constant at a time in a sequential order, starting with
the hydrolysis products and hydroxide solids, and then proceeding to carbon-
ate species. The EQ3NR chemical-equilibrium model was used to test the
constants developed. These constants are consistent with most of the experi-
mental data that form their basis; however, considerable uncertainty still
exists in some aspects of the Am(III) data.

Introdllction

Americium is one of the major contributors to the radioactivity of
high-level waste that will eventually be stored in geologic repositories.
Under natural conditions, only one oxidation state of americium sho~?d
exist, Am( III). To model the transport of americium in water, information
is needed about aqueous species and solids of Am(III) that exist under
repository conditions. Although numerous experimental studies have been
done that contribute information about aqueous species and solids of
americium, these data must be interpreted within a theoretical framework to
assure that the data are internally consistent and to allow predictfonc under
conditions that differ from the experiments. Thermodynamics provihes the
best framework for these data, as long as it is applicable, that is under
equilibrium conditions,

This paper describes the development of a consistent set of thermod-
ynamic constants for the formation of Am(III) complexes and solids with
hydroxyl and carbonate ions, These anions are important because they form
strong complexes kith Am(III) and are present in most natural waters. Exist-
ing experimental data were used for this analys4s. Because of disagreements
among the results of some experiments, a set of thermodynamic constants that
was consistent with all of the experimental data could not be developed,

I:xp(!rimentaldat,: that form the basis for the constants developed hers
include distribution coefficients between orqtlnic and aqueous phases as a
function of p}{ and c(irb~natc content, potentlometric mca$l!t”r?rlwnts,1$ ii
fr,jnctlonOf pi{,,lnd solubitlty measurements as a t{jr]ctionof pl{and carbonate
content



Experiments desiqned to determine hydrolysis constants are generally
done in a neutral (noncomplexing) electrolyte to limit complex formation to
hydrolysis products only. Two mea~urements of the distribution of Am(III)
between organic and aqueous phases were used here. Lundqvist (1982) measured
distribution coefficients in a perchlorate medium (p = 1 M) at pH 4 to 9 (P
is ionic strenqth and M is concentration in molar units). Cacecl and Chogpin
(1983) measured distribution coefficients in a chloride medium (p = 0.7 M)
at pH 5.9 and 8.1 as a function of oxalate content and determined the first
hydrolysis ccnstant from data for oxalate complexes using competing reac-
tions. Another measurement of Am(III) distribution between organic and
aqueous phas~s (Desire et al. 1969) was considered, but no! included in the
analysis. Data from two potentiometric titrations were also used. Nair et
al. (1982) titrated Am(III) in perchlorate (p = 1 M) from pH 4 to 7.
Edel stein et al. (1983) titrated two chemical analogs of Am(III) [Cm(III)
and Nd(II1)l in a chloride medium (p = 0.1 M). Hydrolysis constants and
solubillty-product constants can also be determined from volubility measure-
ments. Four sets of volubility data for Am(III) illneutral electrolytes were
co~sidered. They include the measurements of Silva (1982) in perchlorate
(p = 0.1 M) at pH 7 to 9.5; Rai et al. (1983) in chloride (p = - O.01) at
pH 7 to 13; Bernkopf and Klm (1984) in perchloratc (IJ= 0.1 to 0.3) at pH
6.5 to 13; and Nitsche and Edel~teln (1985) In perchlorate (p = O.1 M) at
JH 7, Data for crystalline (Am) and amorphous (Ail)
~lydroxide sol
are apparent
cussed in the

Four sets
carbonate spe~

ds were reported. Si~nlficant differences among’’these results
n a number of cases; choices made for this analysis are dls-
following section.

of experimental data were used to determine constants for
ies with Am(IJI). Lundqvlst (1982) measured Am(III) distri-

bution between organic and aqueous phases In perchlorate (p = 1 b!)at pH 4
to 7.5 under 0.1 and 1 atm C02 pressure. Bldoglio (!982) measured distribu-
tion coefficients in perchlorate (p = 0.2 M) at pH 8 to 9 and fixed total
carbonate concentrations (1 to 6 mM); equilibrium C02 pressures were calcu-
lated to be 0.0001 to 0,001 atm. Silva and Nitsche (1983) measured the
volubility of Am(III) in a carbonate solution under 0.008 atm C02 pressure
at pH 6 (p = 0.1 M in perchlorate) and identified Arc0HC03(.~ as the solid.
Bernkopf and Kim (i984) measured Anl(III) volubility in caltbonate solutions
controlled by a C02 pressure of 0.00032 atm (p . 0.1 to 0,3 M in perchloratc)
at.pH 6 to 10.

Procedure...-—....—

A variety of procedures can te used to determine one or more fo:+mation
constants from a set of experimental data (Rossotti (~ndRossotti 1961). 1n
the situation dcscrit)(’dhere, where a large variety of d,’t,~fronldifferent
kinds of experimvllts w,~sused, tileprocedure of empioyinq ,1 least-sqllare~
metilod or ;ome eq~livlllcnttecilnlque to determine dl i the constants of’A
rn(xlplin d sifl[]i(’r,tvpdid not seem prdcticai, lnste,lcl,wc t,lied io deter
mine form[~tior)c[)rlrit,lntjfor ol~e $pccier dt d time, ill (!d(:t) [:(15(? (1’, ~ll(J OH i Y

II)(? (?MpPl” illlc!llt!ll (I[lt!l ih,lt (11’r $(!llsitiv(? to thdt ‘;p(?cir’; ,Ifl(f pl’i’vio(lsiy

(I(?tvl’lnin(?d fol”m(lt ion Coll$t Aflt ‘i liIP I’Q:!NK~hVIIIl ~tI I ~q(ll I i ht iil[l~ III()(~(!l

(WolPl”y i“tl.!)wa> [Jr;edto cai(.uiatc (?xpcl’imentailyoh$ol’v(lhi[~p(llflnl(’t(!ls
$tlchAS ihv di$ilil)[ltir)nOF Am( 11 I) betwucl) ol’g,~t]icArl(liIq\lP()(iIi~)il,:’,es 01
i.he soillt)liity(Jt’Am([I1) ul]dur’conditi~ms ,~ppiicahic io tllvv,i:lo:l~Pxp(lli
Inollt’i; t!lc”ecl~icuillledvdlucs were comp[lred witilcxpvtim~~f]iliidrlt,l,ifd
m(?dll!; of toyl illq till! Iol”rlhltioll” col)stdrll$ ,



The process started with the first hydrolysis constant of Am(III), which
can be determined in a neutral electrolyte in a pH range where other hydroly-
sis products are not present in significant quantities. The formation con-
\tant for AmOH*+ was taken as the average of values reported by Lundqvist
(1982), Caceci and Choppin (1983), Nair et al. (1982), and Edelstein et al.
(1983). corrected to u = O. The resu!ting logK is 7.41 {~ee Table I). EQ3NR
calculations of the distribution experiments were done by defining fictitious
species to simulate Am(III) in an organic phase and by estimating a logK for
these species from the experimental distribution coefficients. Calculations
of Am(III) distribution and average ligand number (for the potentiometric
titrations) showed good agreement with the data of Lundqvist (1982) and
Cacecf and Choppin (1983), but underpredlcted the average ligand number of
Nair et al. (1982) over the pH range of 4 to 8.

Next, the availability of solubillty data for Am(OH)3(c) and Am
at pH 7 allowed soiubillty product constants for these solids to be deter-
mined in a pH range in which the first hydrolyses constant is the only
Important complc.x. Using the measured solubillties of Silva (1982) for
Am(OH)3(c) at pH 7, and of Rai et al. (1983) and Nitsche and Edelstein (1985)
for Am at pH 7, values of logK(p ❑ O) for the formation of these
solids were calculated to be 26.60 and 25.10, respectively (see Table I).

Volubility data for Am(OH)3(c) and Am show that the solubllity
becomes constant for sufficiently high pH (see Fig. 1). This indicates that
Am(OH)Oq is af~ important aqueous species but that Am(OH)4- is not present in
significant ariounts be~ause formation of Am(OH)4- would increase solublllty
at high PH. Volubility data at high pH for either solld could be used to
determine the formation constant of Am(Oli)03, which 1s the only aqueous
species present in significant quantity in the pH range where the solublllty
is constant; we used the sol~billty of Am(OH)3(c) at pH 9.5 (Gllva 1982) to
determine logK for formation of Am(OH)”3 as 18.20 at p E O (see Table I).

TABLE I

FORMATION L:ONSTANTS OF Am(III) SPECIES AT ZERO IONICSTRENGTH

Reaction lofi-.—--- ...—..--.—-—-.— ---..-.—----- —

AmJ’ + 2(IH -iAm((lIi)?+

AmJ ‘ } :1(III Am(OIi):1”

Am”]+ I :1011 : AIII(OH) ,( c )

Am’]‘ b :)011 - Am([Nl)~(,lm)

A,+ ‘ t (:(),‘) - )lll(;O:,’

Am”i’
“ 2

t ,’(:().l< Am((: ().] ) ,,

Am’]t t .l’:():i~ - Am((:():l ):1’]

A,+’ t 01’ t (:03? - AIIW(:[),l( c )

7.41

(i2 moo

Ill,?(-)

?(), (i(l

25,10

~,;)[,

I:1,30

ifi,’l!]

7?.[)()



The formation constant for the second hydrolysis product, Am(OH)2+, was
determined by comparing the calculated solub!l ities with measurements taken
by Rai et al. (1983) and Sllva (1982) in the pH range of 8 to 9. This gave
a value of logK for the formation of Am(OH)2+ as s12.00 at p = O (see
Table I).

Figure 1 shows the calculated solubllity of Am(OH)3(c) and Am
based on these constants (using EQ3NR) compared with experimental data. The
data of Ra! et al. (1983) are for amorphous material at low pH and crystal-
line at higher PH. Below pH 9.5, generally good agreement exists among the
experiment comparisons, other than Bernkopf and Kim (1984), and between
calculated and observed solubilltles. Above pH 9.5, the calculated curve
for crystalline material Is about two orders of magn!tude above that for the
data fromRal et al. (lq83). The data of Bernkopf and K!m (1984) are for
amorphous material but have a lower solubil!ty than either the crystalline
or amorphous solids of other experiments. These data were not used in th!s
analysis becaus~ they d!sagree with the generally conslstant d~ta of other
experimenters and because the solld phase used In their work was not
ldent!f!ed. Figure 2 shows a plot of the distribution of aqueous species In
a neutral electrolyte calculated using the data In Table I.

After formation constants for Am(III) species In a neutral electrolyte
were established, species w!th carbonate were considered next. The species
Amc03+ and Am(C03)2- were considered f!rst because they were identlf~ed by
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Lundqvist (1982) as belnq present unoer. the conditions of hls experiments;
Am(C03)2- was also identified by Bldoglio (1982) as the most important
carbonate complex In his experiments. These species have also been identi-
fied for trivalent rare earths (Ferrl et al, 19113; Lundqvist 1982). The
value of logK for the formation of AmC03+ was taken from Lundqvlst (1982)
and corrected to p = O, glvlng a corrected value of 8.26; the value for
Am(C.03)~- was taken as an a+erage of the values reported by Lundqvist (1982)
and Bidoglio (1982), corrected to p = O, to give 13.30 (see Table I). Com-
parisons of experimental data with the calculated (with EQ3NR) distribution
of Am(III) between organic and aqueous phases under the conditions of these
two experiments gave generally good agreement using only these two carbonate
species; it was not necessary to include the bicarbonate or hydrcxy-carbonate
complexes postulated by ~!doqllo (1982) and by Bernkopf and Klm (1984).

These two An’(III)-carbonate complexes and the volubility data of Sllva
and Nltsche (1983) at pH 6 were used to calculate logK for AtiHC03(c) at
u = O, giving a value of 22.60 (see Table I). Because these measurements
were made at only one pH, the one used to determine the formation constant,
further comparisons between calculated and measured data could not be made.
However, the solubllity measurements of Bernkopf and Klm (1984) in c?rbonate
solution also involved AmOHC03(c)i EQ3NR calculations of the solubllltyof
AK)HC03(C) under the condlt~ons of the Ber-kopf and Kim (1984) experiment
compared well with measurements up to abou~ pH 8; above that pH however, the
calculated solublllty dropp~d below the measured data. By analogy with
rare-earth carbonates, the presence of Am(C03)33- was postulated (Ferrl et
al, I!N13),and a value of logK of 14.95 for formation of this species at
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P = O was determined (see Table I). Use of this species along with the
other two carbonate complexes gave generally good agreement between the
calculated solub!lity and the measured data of Bernkopf and Kim (1984) (see
Fig. 3). Figure 4 shows a distribution of species under the conditions of
the Bernkopf and Kim (1984) volubility experiments; it differs significantly
from that proposed by Bernkopf and Kim (1984). Only one hydrolysis product,
An0H2+, is present in significant quantities; the Importance of this species
would be reduced at higher carbonate contents (higher equilibrium C02
pressures).

Problcm Areas—

Considerable uncertainly still exists in some aspects of Am(III) chem-
istry under natural conditions. One of the major areas of uncertainty is
caused by disagreement among various experimenters about the identity of
aqueous species present under the conditions of their experiments. Kerrisk
(1984) pointed out that Lundqvist (1982) should have seen evidence of some
of the Am(III) carbonate species reported by Bidoglio (1982); and likewise,
Bidoglio (1982) should have seen some of the species reported by Lundqvlst
(i982). This situation occurs because the species used in these models have
not been identified by some technique such as spectroscopy, but are inferred
from the data. This situation will not be remedied until higher-sensitlvity
instruments, such as a photoacoustic spectrometer, are used to identify
aqueous species.

A second problem area results from the disagreement among the various
expe]-iments about the volubility of Am(III) in a neutral electrolyte. Dis-
agreements exist over the entire pH range (7 to 13) of the measurements (see
Fig, 1). Part or all of these disagreements may have been caused by the
different solid species controlling volubility in these experiments.
Bernkopf and Kim (1984) did not report any identlf!cation of their solld:
only a preparation technique. Silva (1982) identified hls starting material
as Am(OH)3(c) using x-ray data, but only visually compared the final solid
to the starting material. Ral et al. (1983) saw evidence of an anmphous
wlid (probably Am) at low pH and Am(OH)3(c) at high pH In the
final materidl Plots of the solubllity data as a function of pH, taken
from tileexperiments of Bernkopf and Kim (1984) and of Rai et ai. (1983),
show a break around pH 8.5 to 9.5, with a drop to lower solubilltles at
higher pH; this may be a signal of a change in the identity of the solid
controlling volubility. This problem requires additional experimental work,
giving strong emphasis to the identification of the soli-d phase or phaSPs
that control volubility under these conditions.

A final problem affecting the results reported here is the ionic-strength
corrections to measured iogK values. Many of the experiments discussed here
were done at p = I M; others ranged from p = 0.7 down to P < O.i. Thermo-
dynamic models such as SQ3NR use logK values at p = O and provide their own
Ionic-strength corrections. Experimentally derived activity coefficients
were used to correct the measured values of logK to p = O (Robinson and
Stokes 1959; Pitzer and Peiper 19(30;Khoo et al. 1981; and Peiper and Pitzer
Iljflz),13ecause of the high charge on Am3+, activity coefficients of about
0.02 apply for this species at p = 1 M. In comparing these activity coeffi-
cients with the values calculated by EQ3NR, the EQ3NR activity coefficients
were found to be slglliflcantiy different in a number of cases For the EQ3NR
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calculations discussed here, values of the 8 parameter used in the actlvlty-
coefflclent calculation (Holery 1983) were modlfled so that the calculated
activity coefficients were comparable to experimentally derived values. This
Involved changing # as follows: from 8.@A to 5.OA for Am3+, from 9.C ~ to
S.O A for H+. from 4.5A to 3.5 A for COa2-. from 4.5 ~ to 4.0 ~ for HCOa-.
and frml 3.0-A
to adjust data
adds addltiona’

to 4.0 A for Cl-. This :y~e of correction, which is need~d-
measured over a range of ionic strengths to some common value,
uncertainty to the results.
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